Abstract: A combined experimental and computational study shows that the pullout capacity of anchors embedded at small depths in prestressed concrete is associated with the strongest possible (linear elastic fracture mechanics) size effect. A design formula is proposed that reflects the effects of embedment depth and the nondimensional parameters that quantify the level of prestressing and the characteristic length of the matrix.
Introduction
Headed anchors are structural steel elements used to connect and, thus, transfer forces from one concrete component to another. Among the several types of failure, the one occurring as a result of the anchors pulling out of the concrete matrix has been the most widely investigated and represents the biggest concern for structural engineering applications. In the mid-1980s, formulas for the prediction of load-carrying capacity in the case of concrete pullout relied on plasticity-based models, which assumed a constant tensile stress acting on the projected area of a conical failure surface oriented at 45°with respect to the plane of the anchor head (Jensen and Braestrup 1976; ACI 1989) .
Experimental and analytical investigations (Ottosen 1981; Ballarini et al. 1986 Ballarini et al. , 1987 Eligehausen and Sawade 1989; Eligehausen and Ozbolt 1990; Ozbolt et al. 1999 ) demonstrated that formulas based on plasticity were incorrect and unconservative for typical anchor embedment depths and that experimentally measured load-carrying capacity could be accurately predicted using fracture mechanics models. The fracture mechanics paradigm is a result of recognition that the failure of headed anchors reflects the progressive propagation of discrete cracks. The resulting linear elastic fracture mechanics (LEFM)-based concrete capacity design (CCD) formula (Fuchs et al. 1995) can be expressed as
where P u , K c , f 0 c , d, and k nc = load-carrying capacity, fracture toughness, compressive strength, embedment depth, and the empirical constant relating toughness to compressive strength, respectively. Eq. (1) was adopted by several international building codes, such as ACI 318 (ACI 2008) , ACI 349 (ACI 2006) , and the Comité Euro-International du Béton design (CEB 1997) , and was calibrated through numerous experimental programs and expresses the correct dependence of the ultimate pullout capacity of headed anchors on embedment depth. Additional and important studies were completed by Ozbolt et al. (1999) . In their investigations, experimental and numerical results confirmed the strong size effect on the concrete pullout failure strength for a broad range of embedment depths larger than 1.5 in. (about 40 mm). Despite the large number of data, no investigations were conducted on the behavior of very shallow anchors (i.e., embedment d < 1:5 in:).
According to ACI 318 Appendix D (ACI 2008) , the CCD formula can be used to predict the 5% fractile of the concrete breakout loads only for situations in which the concrete matrix is uncracked (unstressed) and for anchors with a relatively small head (mean bearing pressure at maximum load of approximately 13f 0 c ). When cracking as a result of external loads (e.g., tension zones, negative moment loading conditions) or imposed deformations (e.g., creep, shrinkage, temperature) is expected in the region in which the anchor is placed, a 25% reduction in pullout capacity is prescribed. This is achieved by reducing the constant k nc in Eq. (1).
Modifications to the CCD formula for anchors placed in compressively prestressed concrete have not been contemplated and have received less attention. Within the context of plasticity theory, three-dimensional (3D) constitutive models for concrete subjected to a triaxial state of stress were used for structural analyses of headed and undercut anchors (Pivonka et al. 2004) . Baran et al. (2006) performed experiments on various types of cast-in-place inserts to determine the influence of reinforcement and prestress. As expected, they observed that the presence of a prestressing force in the direction orthogonal to the axes of the inserts embedded in reinforced concrete resulted in an increase in load capacity and ductility. Despite this unique experimental investigation, no formulas or recommendations and, above all, no insights on the fundamental mechanics of the problem were proposed. By following Ballarini et al. (1986 Ballarini et al. ( , 1987 and Vogel and Ballarini (1999) , Piccinin et al. (2010) investigated the effects of compressive and tensile fields on the capacity of headed anchors using LEFM. Preliminary experimental results showed that for embedments that are not too shallow, the model correctly predicts a linear 1 Technical Service Engineer, Hilti, Inc., 5400 South 122nd East Ave., Tulsa, OK 74146 (corresponding author). E-mail: picci007@umn.edu dependence of the pullout force on the compressive stresses applied biaxially to the embedding concrete matrix, and a tentative design formula was proposed. However, for embedment depths of less than 1 in., LEFM could not reproduce the experimentally measured capacity. It was speculated that such shallow embedments may be associated with a relatively large process zone, within which microcracking and aggregate interlock occur. If this is the case, the experimental results reflect a transition from the strongest size effect possible (the inverse square root dependence of nominal strength on size determined by LEFM) to the size-independent behavior demanded by plasticity-based models. Another explanation of the discrepancy between LEFM predictions and experimental data is that the very shallow embedment dimension is comparable to the maximum aggregate size, rendering a highly heterogeneous material that cannot be modeled by a homogeneous continuum.
The work presented in this paper was performed to determine the answer to the previously raised question and develop a design formula that generalizes the CCD formula to cases involving a prestressed matrix. Specifically, the LEFM finite-element model introduced by Vogel and Ballarini (1999) and Piccinin et al. (2010) is generalized to include a cohesive zone that mimics the localized process zone that can develop ahead of a crack front in concrete. The predictions of the model are compared with new experimental results that cover a wider range of embedment depth and fracture energy and that corroborate those obtained in the preliminary experimental program.
LEFM Model and Nondimensional Parameters
Fracture mechanics involves parameter β introduced by Cherepanov (1979) 
where r p = extent of the process zone that would develop in the vicinity of a very long crack and L = characteristic dimension of the structure. It is noted that β is referred to by the concrete fracture mechanics community as the brittleness number (Bažant and Planas 1998) . The value of the brittleness assigned to a specimen configuration through the use of a particular structural dimension in Eq. (2) may not be representative of the brittleness of a different configuration comprised of the same material. For example, the approximate constraint β ≥ 2:5 is suggested for valid toughness testing on beamlike specimens, where the characteristic dimension L is equal to the beam depth. For embedded anchors, the characteristic dimension can be assumed to be equal to the embedment depth, which is typically much smaller than the depth of a beam. Thus, it is not uncommon to find values of β < 1 (Elfgren and Ohlsson 1992) . Fig. 1(a) shows the maximum nominal stress, σ max N , of a concrete component and illustrates that the brittleness number determines whether failure is of the strength-limited ductile type, or of the toughness-limited brittle type. Noting that L is proportional to d and that any choice of nominal area scales as d 2 , plasticity predicts a size-independent strength, whereas LEFM predicts a 1∕ ffiffiffi β p dependence of strength. From a design point of view, investigations carried out by Ozbolt et al. (1999) showed that the CCD [Eq. (1)] exhibits a good agreement with the experimental results for the whole size range investigated (d ≥ 1:5 in:). As shown in Fig. 1(b) , where the nominal strength is calculated as the ultimate pullout load divided by the area of a circle with a radius equal to the embedment depth, d, the experimental results show that the size effect on the nominal pullout strength is the strongest possible (Reinhardt 1981; Bažant and Sener 1988) . Fig. 1(b) suggests that for embedded anchors there is no transition between the plasticity and the LEFM bounds and that LEFM suffices to predict the load-carrying capacity for all values of embedment. Whether LEFM can be applied to very shallow depths (d < 1:5 in:) is yet to be determined. Fig. 2 shows the cross section of the axisymmetric configuration considered in this study. The headed anchor, embedded at a depth d within a matrix stressed to a level, σ, is represented-as was done by Ballarini et al. (1986 Ballarini et al. ( , 1987 , Vogel and Ballarini (1999) , and Piccinin et al. (2010) -by a discontinuity of diameter c with a rigid top surface and a traction-free lower surface. The stem is not considered. The pullout load, P, is represented by the resultant reactive force on the top surface of the discontinuity produced by a uniform stress, p, applied along the bottom surface of the cylindrical model. The curvilinear distance of the traction-free propagating crack front from the edge of the anchor is defined by l, and the normalized level of stress is defined as λ ¼ σ∕f t (note that for the compressive case λ > 0, whereas for the tension case λ < 0). FRANC2D (Cornell Fracture Group 1997), a program that possesses automatic remeshing capabilities, was used to calculate the stress intensity factors and crack extension direction of the propagating front. More details pertaining to the model can be found in Piccinin (2011) .
In the LEFM simulations, by using linearity and dimensional consistency, the ultimate load-carrying capacities were obtained as Two methods can be used to model a cohesive crack that is propagating along a curved path. The first method is quick but imprecise, and assumes that the path is not significantly different from what the crack would choose in the absence of the cohesive zone. The procedure involves predicting the path that the crack would follow in the absence of the cohesive zone according to the local symmetry condition (for example, maximum hoop stress, zero local mode-II stress intensity factor, maximum energy release rate conditions) and then calculating the load required to extend the crack along the predicted path when in the presence of the cohesive zone. The second method involves the construction of the crack path through an incremental procedure that searches, at each step, the direction ahead of the front that is perpendicular to the maximum hoop stress. Note that in the first approach the direction is dictated by the stress intensity factors, whereas the second approach is associated with finite stresses along the crack front. Examples of this technique can be found in Bittencourt et al. (1992) , Xie and Gerstle (1995) , and Ingraffea et al. (1989) . The results presented subsequently are for predefined crack paths because it was discovered that the differences in the paths predicted by the two procedures were small compared with the variation in paths observed in the experiments. The details of this investigation can be found in Piccinin (2011) .
The crack paths predicted by the maximum hoop stress criterion are shown in Figs. 3 and 4 for selected values of embedment depth, brittleness number, and level of prestress. As expected, and rationalized in Piccinin et al. (2010) , the crack path becomes increasingly less steep with increasing level of prestress.
Experimental Program
The experimental program was divided in two parts. In the first part, the experiments documented in Piccinin et al. (2010) were completed. The second part involved concrete with a cylindrical strength of 3.36 ksi (23.17 MPa) and a cubic strength of 4.05 ksi (27.91 MPa). The mix components of the material were portland cement CEM I 52.5 R, according to the ENV 197/1 European Standard, and a natural river aggregate (maximum size of 25 mm). No super plasticizers were added. The concrete had an aggregate/cement ratio of 6.24 and a water/cement ratio of 0.7. The compressive strength of the mix was obtained from compression tests performed on cubes with a 5.9 in. (150 mm) side. The compression tests were completed between 28 and 35 days after the specimens were cast. The concrete properties were recorded and then averaged. Standard-size cylinders were tested to obtain the indirect tensile strength (splitting test). After averaging, a value of 412 psi was obtained for the concrete indirect tensile strength. The Young's modulus was obtained from available standard design formulas as E ¼ 57;000 ffiffiffiffi f 0 c p psi. The mixture design and the averaged concrete properties for the two parts of the experiments at the time of the tests are reported in Table 1 .
All the specimens consisted of concrete blocks with the following dimensions: 39:37 × 39:37 × 7:87 in: (1 × 1 × 0:2 m). To allow the application of large confining pressures, these dimensions were kept constant and independent of the embedment depth. Four hooks were positioned at the corners to allow for specimen handling.
The concrete anchors had a stem diameter of 0.5 in. (12.7 mm), a head diameter between 0.98 and 1 in. (25 and 25.4 mm), an ultimate strength of 65 ksi (450 MPa), and a yield characteristic strength of 51 ksi (350 MPa). The anchors were cast into the concrete specimens in a single cast. Wood formworks were used as a support for the anchors during the casting process so that they could easily be positioned at various embedment depths.
In the first set of the experiments, a single nominal embedment depth of 0.98 in. (25 mm), corresponding to a value of d∕c ¼ 1, was tested. This was necessary to complete the experimental data available in Piccinin et al. (2010) , in which only d∕c ¼ 2 was thoroughly investigated.
In the second set, three different nominal embedment depths were used: 0.71, 1.97, and 2.7 in. (18, 50, and 69 mm). These values were chosen to obtain values of d∕c equal to 0.75, 2, and 2.75, respectively. The smallest embedment depth was tested to determine the limit of applicability of a continuum mechanics approach.
Owing to the vibrating process and settlements during curing, the embedment depths at the time of the tests were slightly different from the nominal values, as listed in Table 2 . Four anchors were placed on the four corners of each concrete specimen according to specifications spelled out in ACI 318 Appendix D (ACI 2008) and to avoid edge effects or undesired modes of failure (i.e., concrete blow out).
The tests were displacement controlled, and the relative displacements between the anchors and the upper surface of the concrete blocks were monitored by two LVDTs [AE0:2 in: (AE5 mm)] symmetrically positioned at a distance of 10.4 in. (264.2 mm) for short embedments and 15.2 in. (385 mm) for larger embedments. In all cases, the data (load and displacement) were acquired with an acquisition system. The effect of confinement was simulated by applying biaxial compression along the sides of the concrete specimens in the directions orthogonal to the axis of the anchor. As shown in Fig. 5 , the compression was applied by means of horizontally oriented hydraulic jacks inserted in a specially built reaction frame.
The steel beams used to build the reaction frame were tied together in the two plane directions by using six special Dywidag tying bars. On the two sides of the specimens that were subjected to the forces of the hydraulic jacks, two additional steel beams were used to uniformly distribute the horizontal pressure. The opposite sides of the specimens were loaded by contrast through the reaction 65 (450) 65 (450) frame. To allow for a more uniform load distribution, a 0.4 in.
[10 mm] layer of rubber band was positioned between the specimens and the frame. The pullout tests were first performed in unconfined concrete (λ ¼ 0) for each value of embedment. Biaxial compression was subsequently considered. In the first part of the experiments, the tests in confined concrete were performed using values of λ in the range 0.47 to 0.94, whereas in the second part, values of λ equal to 0.41, 0.61, 0.82, and 1.22 were applied (details of the amount of force and relative stress applied to each specimen are shown in Table 2 ). The applied compression was constantly monitored before and after each pullout test with standard manometers. In addition to the ultimate pullout forces and load-displacement curves, the shapes of the failure surfaces were also measured. For shallow anchors (d∕c ¼ 1), a very accurate observation of the crack profiles was made possible by a laser scanning machine. In this case, 3D crack profiles were obtained. By elaborating the available data, two-dimensional crack envelope profiles were then extrapolated. Because of the limited range of action of the scanning machine [about 1 in. (25.4 mm)], crack profiles for anchors with embedment depth d∕c ¼ 2 were reconstructed by visual inspection.
Results

Pullout Capacity
The experimentally measured normalized data for unstressed and prestressed concrete, together with the calibrated LEFM and nonlinear fracture mechanics (NLFM) numerical results, are shown in Figs. 6 and 7. The experimental ultimate capacities were nondimensionalized using the measured indirect tensile strengths of the materials and the effective embedment depths (Tables 1 and 2) . Remarkably, the linear dependence on prestress predicted by the numerical models was consistent with the experimental results. In all cases in which d∕c ≥ 1, with respect to the unconfined case (λ ¼ 0), an increase in capacity of about 12-15% was associated with a value of λ ≈ 1. When d∕c ¼ 0:75, the experimental results presented larger scatter and the effects of prestress were not beneficial. It is noted that for the limit case where d∕c ¼ 1 and λ ≈ 1 [ Fig. 6(a) ], a clear increase in capacity was not observed. A comparison between the LEFM model's predictions and the experimental results can be achieved by determining a reference value of β.
In Fig. 6(b) , the results obtained from Piccinin et al. (2010) for d∕c ¼ 2 can be calibrated by using a reference value of β ≈ 0:6, which corresponds to a value of fracture toughness for concrete equal to K IC ≈ 0:755 ksi · ffiffiffiffiffi in: p that is well within the range of typical values for concrete (between 0.18 and 1:26 ksi · ffiffiffiffiffi in: p ). In Fig. 6(a) , having decided to arbitrarily define L as the embedment depth, d, the experimental data are compared with the LEFM prediction associated with β ¼ 0:3.
Similarly, in Fig. 7(c) , the experimental results for d∕c ¼ 2:75 can be calibrated by using a value of β ≈ 1:13, which corresponds to a value of fracture toughness K IC ≈ 0:65 ksi · ffiffiffiffiffi in: p for concrete. Remarkably, the behavior at d∕c ¼ 2 is also very well represented. On the other hand, for the corresponding value of β ≈ 0:31 at d∕c ¼ 0:75, LEFM can only provide an upper bound to the experimental evidence.
Results from the NLFM simulations are also shown in Figs. 6 and 7. The traction-separation law used in this investigation is given by 
where f t = indirect tensile strength of the material, COD = crack opening displacement, and COD c = critical COD. The area under the curve defined by Eq. (5) is defined as the cohesive fracture energy G f . In each experimental set, the data obtained from the larger embedment depth investigated, d∕c ¼ 2 [ Fig. 6(b) ], and d∕c ¼ 2:75 [ Fig. 7(c) ], was used to calibrate the nonlinear fracture mechanics model, producing G f ¼ 0:2 lb∕in: (35 N∕m) and 0:15 lb∕in:
(27 N∕m), respectively. The characteristic length of the fracture process zone is defined as (Shah et al. 1995) 
For the current study, l ch ≈ 4 in: for the first set of experiments [which lies within the 4-in. (100-mm) to 16-in. (400-mm) range typical of concrete materials], whereas l ch ≈ 3 in: for the second set. It is noted that the aforementioned values of the fracture energies are relatively low compared with the values available in the literature. CEB (1997), for example, recommended values of G f of about 60 or 70 N∕m for these types of concrete and aggregate sizes. However, the suggestion addresses concretes in which the water/cement ratio is around 0.3-0.4 and in which the cohesive law is usually specified as a softening bilinear function. In this case, the total fracture energy, G f , is composed of an initial linear contribution that controls the peak load and a tail that quantifies the postpeak behavior. As indicated by the fact that high water/cement ratios provide lower values of G f (Wittmann et al. 1987 ) and that only the linear contribution of the total fracture energy was calibrated to capture the experimental behavior, it is not surprising that relatively low values of G f were determined.
It is clear that LEFM and NLFM provided identical and reasonable predictions for all the embedment depths investigated, except for d∕c ¼ 0:75. For this very shallow length scale, it seems that a deterministic continuum-based model cannot capture the experimental behavior. This can be alternatively shown for the unstressed case (λ ¼ 0). Fig. 8 shows the experimental results in comparison with the existing design formulas. In a log-scale plot, the pullout loads are normalized with respect to the area of a circle of radius equal to the embedment depth, d. When compared with the numerical predictions, the CCD formula provided identical predictions for relatively large embedment depths and was a lower (conservative) bound for shallow anchors. Fig. 8(b) shows that the behavior of anchors embedded at d∕c ¼ 0:75 is unpredictable. This is true from a quantitative (the results are between the LEFM and the plasticity-based predictions) and qualitative (the results show, in fact, a significant scatter) point of view. Further support to these observations is provided subsequently, where crack profiles from the experimental investigation are shown.
Load versus Displacement Behavior
The effects of prestress on ductility were quantified using the work of fracture (WOF), defined as the area under the normalized forcedisplacement curve. Results from the NLFM simulations are shown in Fig. 9 . LEFM results, as reported in Piccinin et al. (2010) , had proven to be identical. For a value of G f ¼ 0:2 lb∕in: (35 N∕m), when a confining (compressive) prestress was applied, the energy dissipated in the postpeak increased. This increase was the result of the significant increase in the length of crack propagation. It is noted that the curves shown are truncated when the load in the postpeak range is about half the peak value. Numerical instabilities arise when the stress free portion of the fictitious crack is significantly larger than the cohesive counterpart.
It is noted that in the experiments, the displacement was measured by two LVDTs positioned symmetrically with respect to the axis of the anchor, whereas in the numerical model the displacement was defined as the crack opening displacement of the infinitely small slit representing the bolt (Fig. 2, Δ) .
Even though qualitative-and based on different definitions of the load-point displacement, Δ-the significant postpeak ductile behavior of the system and the increase in capacity and ductility with the applied compressive stress are shown in Fig. 10 . Clearly, and as previously observed, Fig. 9 illustrates that the NLFM predictions only provide a lower bound solution to the experimental evidence. The writers have not yet determined why there are such discrepancies between the experimental load-displacement curves and those predicted by the idealized model of the anchor. The sources of the discrepancy may be a result of the following: (1) the concrete near the top surface of the anchor's head may have experienced crushing; (2) the physical anchor contains a stem, which could lead to a less stiff response than the response predicted by the idealized infinitely thin slit anchor geometry; and/or (3) the computational model did not take into account slippage, friction, and other displacement contributions that may have occurred during the pullout tests.
Crack Profiles
Crack profiles from the experimental studies and LEFM investigations are shown in Fig. 11 for d∕c ¼ 1 (laser machine readings) and in Fig. 12 for d∕c ¼ 2 (visual inspection), for several values of λ. First, it is clearly shown that the propagating crack front steers toward the direction of application of the compressive stresses (e.g., the horizontal direction, orthogonal to the axis of the anchor). This was true for all the embedment depths investigated and was enhanced when large compressions were applied (Piccinin et al. 2010) . Second, it appears that the experiments do not differ significantly from the numerical LEFM results. Considering the simplicity of the finite-element model and the fact that inhomogeneities and aggregates can give rise to very tortuous crack paths, LEFM does a good job of predicting the crack paths. It is noted, more importantly, that these results support the method adopted to carry out the NLFM numerical simulations, which were based on the use of cohesive elements along LEFM predefined crack paths.
Experimental observations of the crack profiles and the cone sizes for anchors embedded at d∕c ¼ 0:75 were also completed (data not shown). For such small embedments, the size of the aggregate was comparable to the characteristic dimensions of the experiments and the models. The experiments for these cases resulted in the pulling out of the anchors as a result of discrete cracks propagating at the interface between the matrix and the aggregate and remaining unchanged for the unstressed and stressed cases. Thus, the cracks in the experiments cannot possibly take on the paths predicted by the mixed mode crack propagation theory used in the homogeneous material model. For example, if the aggregate is slightly to the left of the anchor tip shown in the schematic of the model (Fig. 2) , propagation along the interface would be almost vertical and typical of pullout of a cohesionless granular material. This result supports the conclusion that the size effect is the strongest possible down to such small embedments and that a continuum-based theory cannot be applied to cases where the length scale involved is comparable to the dimension of the largest aggregate.
Design Formula
The present investigation shows that for values of 0 ≤ λ ≤ 1:25 and 0 < β ≤ 10, the design formula based on LEFM concepts and proposed in Piccinin et al. (2010) still holds. This formula can be expressed as
By combining Eqs. (1) and (7), for 0 ≤ λ ≤ 1:2 and only for d∕c ≥ 1, an accurate fit of the numerical predictions and the experimental evidence leads to the following, more practical, design formula:
where k nc ¼ 30 (uncracked concrete condition), P u is expressed in lb, and σ c and f 0 c are expressed in psi. A comparison between the experimental results and the proposed formula is shown in Fig. 13 , in which the pullout loads are normalized with respect to the area of a circle of radius equal to the embedment depth d.
Being based on Eq.
(1), the proposed formula for the capacity of headed anchors in a compressively stressed concrete matrix represents a lower bound for shallow anchors. However, it represents a sufficiently accurate and conservative fit for all the other embedment depths.
Conclusions
The results from the present investigations show that the capacity of headed anchors is increased when compressive prestress is applied to the concrete matrix. As a consequence, a design formula validated through numerical and experimental investigations is proposed. However, it is recommended that further studies be carried out before its application.
It is recognized that LEFM and NLFM provide very similar results and are both valid for scale lengths as small as d∕c ¼ 1, which have never been investigated before. This provides valuable insights into the behavior of headed anchors, and it is concluded that the pullout failure is a problem governed by the maximum possible concrete's size effect and that no transition between strength-based theory and LEFM is expected. For the limit case in which d∕c ¼ 1 and λ ≈ 1, the increase in capacity predicted by the numerical models is not completely corroborated by the experimental evidence. Further investigation is required to enlighten this case. For embedments d∕c < 1, that is, for scale lengths smaller than the maximum aggregate size, this investigation shows that the pullout problem cannot be solved by applying a deterministic continuum theory.
